Introduction
[2] The 'characteristic earthquake' sequence off Kamaishi, NE Japan includes nine recurrences of a M4.9 ± 0.1 between 1957 and 2001 ( Figure 1a , hereinafter we refer to them as M$4.9 events). Matsuzawa et al. [2002] discovered the sequence and suggested that these events ruptured the same patch (asperity) on the plate boundary based on their focal mechanisms and waveform similarity. Okada et al. [2003] estimated the slip areas for the latest two events from waveform inversion and confirmed the co-location of the two events.
[3] These studies together with analyses of other small repeating earthquake [Uchida et al., 2003] and GPS data [Nishimura et al., 2004; Suwa et al., 2006] suggest that the earthquake cluster is isolated from other earthquakes on the plate interface and that fault creep is dominant mode of fault slip in the region surrounding the cluster. The almost constant recurrence interval (5.52 ± 0.68 years) for the sequence is attributed to a stable creep with minor fluctuation around the event [Uchida et al., 2005] . Statistical analysis of the intervals suggest that the next event will occur in the near future (May 2007 ± 21month, Matsuzawa et al. [2002] ).
[4] The earthquake cluster contains earthquakes with similar waveforms and the microearthquake activity within the cluster evolves from a low rate during the first half of the earthquake cycle to become more active during its latter half ( Figure 1 ). The variation of microearthquake activity is probably directly related to the earthquake cycle of the M$4.9 events. Therefore, the earthquake cluster provides an excellent opportunity to study the processes during earthquake cycles.
[5] In this study, we determine high precision relative locations, source dimensions and stress drops for the earthquakes in the cluster using waveform methods to investigate slip processes that occur during the earthquake cycle of the M$4.9 events.
Method

Earthquake Relocation by Double-Difference Method
[6] We analyzed 25 earthquakes of M2.4 to 4.8 for the period from 1995 to 2006 in the off-Kamaishi earthquake cluster by using waveform data from the microearthquake observation network of Tohoku University (squares in the right bottom inset of Figure 1b) . Most of seismometers are of 1 Hz velocity type and sampling frequency is 100 Hz.
[7] We relocated the earthquakes using waveform-based double-difference (DD) method [Waldhauser and Ellsworth, 2000] . We measured travel time differences using the cross spectral method of Poupinet et al. [1984] for both P and S waves. The time window was set to be 3.5 seconds starting 1 second before the onset of each wave and delay times were estimated from the phases of cross spectra in a frequency band of 1-10 Hz with squared coherency of greater than 0.8.
[8] We successfully obtained 13,175 and 6,695 differential travel time measurements for P and S phases, respectively, as input to the DD algorithm. Note that the 'hypocenter' estimated from correlation data is not the rupture initiation point but corresponds to the 'centroid' of the slip distribution. Therefore we refer to the relocated 'hypocenters' as 'centriods' hereafter.
Estimation of Source Size and Stress Drop From Spectral Ratio
[9] To estimate source sizes and stress drops of the earthquakes, we estimated corner frequencies and seismic moments from their waveform spectra. We calculated Fourier amplitude spectra for P and S waves using tapered 1.0 s and 2.0 s time windows, respectively. The spectra were then resampled at equal intervals in log frequency at Dlog f = 0.025, and smoothed with running average of length Dlog f = 0.2. Spectral ratio for a pair of earthquakes recorded at the same station was calculated to eliminate path-dependent effect [Frankel and Wennerberg, 1989] .
[10] For a robust measurement of the spectral ratios, we utilized stacking of spectral ratios (multi window spectral ratio (MWSR) method of Imanishi and Ellsworth [2006] ). We use three windows, overlapping by half their duration, for three components at eight stations ( Figure 2a) . All of the spectral ratios for the same event pair were stacked if they have sufficient S/N ratio (>3). A maximum of 72 spectral ratios were stacked for a pair of earthquakes. A separate analysis is preformed for P and S waves. An example of stacked spectral ratios is shown in Figure 2b (red bold line) together with individual spectral ratios (black lines). The fluctuations in the spectral ratios have been successfully suppressed by the procedure (Figure 2b ).
[11] Corner frequencies and seismic moments for the 25 events were estimated simultaneously using the multiple-empirical Green's function (MEGF) method [Ide et al., 2003] . We use omega square source model spectrums proposed by Boatwright [1978] to model the stacked spectral ratio. We used frequency band of 1-30 Hz (60 data point for each spectral ratio) for 297 and 296 event pairs (thus total numbers of equations are 17,820 and 17,760) for P and S waves, respectively. In the inversion, we fixed the seismic moment of the 2001 M4.8 event to be 1.12 Â 10 16 Nm as estimated by Okada et al.
[2003] because we need one constraint to estimate absolute scalar moments of each event.
[12] Figure 2c shows the obtained corner frequencies for P (fp) and S (fs) waves. Red circle shows result for each earthquake. The fp/fs ratios are almost constant for all earthquakes showing the reliability of the independent fp and fs estimation. The least-squares fitted line (dashed line) that passes through the origin of coordinates shows an inclination of 1.33. This value is comparable to the theoretical ratio of P to S wave corner frequencies (1.26-1.43 for the rupture velocity of 0.5-0.9b, where b is a velocity of the S wave) expected from the model of Sato and Hirasawa [1973] .
[13] Finally, we estimated the source radius (r) from the corner frequency (f 0 ) using the circular crack model of Sato and Hirasawa [1973] :
where v is phase velocity (7.8 km for P and 4.4 km for S wave) and C is a constant. We assume C to be 1.5 for P and 1.9 for S waves. The static stress drop (Ds) was then calculated by using the formula of Eshelby [1957] :
where M 0 is seismic moment. As the final source radiuses and stress drops, we adopted weighted average of the values estimated from P and S waves, where the weights were set to be proportional to the number of spectral ratios in the stack.
Results
Earthquake Distribution
[14] The results are summarized in Figure 3a , where the centers of circles indicate the earthquake centroid locations (see auxiliary material for the list of parameters).
1 The location errors shown by bars are typically 20m which was estimated from the residuals of DD data. The bootstrap method by the same procedure by Waldhauser and Ellsworth [2000] also shows errors as small as $30 m. The centroids are aligned in the east-west direction and on a westwardly dipping plane (striking 180 degrees, dipping 38 degrees) that may delineate the subduction interface (see east-west cross-section shown in the inset of Figure 3a) .
[15] The result shows that the microearthquakes are located mainly in three clusters (A, B1 + B2, C) and that the centroid of the 2001 M4.8 event is located very close to those of the earthquakes in the clusters B1 and B2. Note that the location of the centroid of the M4.8 event relative to the other events was determined accurately by our analysis. The location of the hypocenter (black diamond) estimated by Okada et al. [2003] falls within clusters B1 and B2.
Source Size
[16] Rupture dimensions determined from the spectral ratios are projected onto the 38 degree west-dipping plane in Figure 3a . The rupture dimension errors estimated by the boot-strap method using residuals of spectral ratios are typically 6% of their diameters. Although the slip areas of the earthquakes are likely more complex, we consider that these circles centered at the centroids are a good first approximation. Considering the source sizes and location uncertainty, it is certain that the microearthquakes in each cluster are co-located with one or more other events (i.e. they are repeating earthquakes). For the 2001 M4.8 event, we estimated the diameter of the source area to be 1.1 km which is comparable to the estimation from waveform inversion (1.0-1.5 km, Okada et al. [2003] ). The western cluster (Cluster A) which consists of relatively large (M2.9-3.8) earthquakes seems to be positioned near the edge of the source area of the 2001 M4.8 event. The eastern cluster (Cluster C) seems to be just outside the source area of the M4.8 event. The middle cluster (Cluster B) lies within the interior of the slip area for the M4.8 event.
Static Stress Drop and Earthquake Activity in Each Cluster
[17] The static stress drops are indicated by color of circles in Figure 3a . Figure 3a shows that the stress drop of the M4.8 event (39 MPa) is much higher than those of the other events (3 -11 Mpa) and stress drops of the earthquakes within each cluster tend to have similar values (i.e. similar colors in Figure 3a) . The errors for stress drops estimated by the boot-strap method are 4 MPa for the M4.8 event and typically 1 MPa for the other events.
[18] Magnitude-time plot of the earthquakes for the three clusters (Figure 3b) shows that the abundant earthquakes in the latter half of the earthquake cycles of the M$4.9 events (yellow stars) include members from each of the three clusters, especially for the clusters B (squares) and C (diamonds). The earthquakes at cluster B1 (green squares) occurred within 1 month after the earthquakes at cluster A (red triangles). We also point out that there always occurred earthquakes at cluster A within three month before the M$4.9 events, although the activity in the cluster A seems to be more independent of the M$4.9 events than that in the clusters B and C.
[19] The cumulative slip for the period between 1995 and 2001 events (interseismic period of the M$4.9 events) are estimated to be 10-17, 3.0-4.7, 1.2 -2.0 and 6.9-11 cm for the cluster A, B1, B2, and C, respectively, whereas the slip for the 2001 event is 25-41 cm (Here, we used radius and seismic moment of each event and assumed the rigidity as 3.0 -5.0 Â 10 10 N/m 2 ).
Discussion
Seismicity Rate Change During Earthquake Cycle
[20] Changes in the rate of earthquakes over the seismic cycle have been observed in some case studies [e.g., Mogi, 1981; Ellsworth et al., 1981] . The off-Kamaishi M4.9 ± 0.1 'characteristic earthquake' sequence provides an excellent opportunity to investigate earthquake rate systematics.
[21] The results obtained in this study show that the increasing seismicity or frequent occurrence of earthquakes in the latter half of the recurrence intervals of the M$4.9 events was mainly due to the earthquake activity close to or within the slip area ($1 km Â 1 km) of the 2001 M4.8 event. Most of them are located in three patches and have smaller stress drops than the M4.8 event. The successive occurrences of earthquakes for clusters A -B and A -M$4.9 suggest some interaction between these events.
[22] From these observations we consider three possibilities for the cause of the higher rate of microearthquakes in the latter half of the recurrence intervals of the M$4.9 events: (1) Recovery of the stress shadow from the previous M$4.9 event due to creep in the region surrounding the sources (Note that the small asperities close to the M$4.9 experienced slip larger than usual when the M$4.9 event occurred); (2) Delayed relocking of the source regions of the repeating microearthquakes due to a slow rate of fault healing (change in frictional properties); and (3) Unlocking of portions of the coseismic slip area of the M$4.9 events after a critical stress threshold was reached loads the source areas of the smaller repeating events. Although it is difficult to know which process dominates in the off -Kamaishi cluster, we think models (1) and/or (3) are plausible for the cluster B as we will discuss in the next section, while (2) is plausible for the cluster C because it is relatively far from the M4.8.
Source Property and Coupling Coefficient of Repeating Earthquakes
[23] The source properties of small repeating earthquakes have been investigated in many studies. Rubin et al. [1999] , Schaff et al. [2002] , Waldhauser and Ellsworth [2000] and Waldhauser et al. [2004] have shown that the small repeating earthquakes on the Hayward, San Andreas and Calaveras faults commonly form horizontal streaks parallel to the slip vector. This suggests rheological transitions within the fault zone and/or geometrical complexity of the fault that concentrate stress in the boundary between locked and creeping areas evolve with increasing fault slip. The centroids of the off-Kamaishi cluster similarly align with the slip vector between the Pacific plate and NE Honshu, suggesting a similar evolutionary mechanism may be operating there.
[24] Our results show that the recurrence cycle for the M$4.9 events is considerably more complex than the simple reaccumulation of strain energy on a locked patch: The coseismic slip area for the 2001 M4.8 event includes repeating events deep within its interior, near its centroid or hypocenter (cluster B1 and B2). We note that the recurrence properties of M$4.9 events are simpler in spite of the complex internal structure of the asperity. This observation is important to model earthquake cycle including larger earthquakes and also to investigate behavior of general complex systems with self-similar structure.
[25] These small events also suggest the occurrence of aseismic slip inside the rupture area of the M4.8 event because they must be repeatedly reloaded during the repose of the M$4.9 events. The occurrence of aseismic slip Figure 3a . Earthquakes with magnitude 2.4 or larger for the time range before the analyses period (1990 ( to March 1995 are also plotted. These events were grouped based on the waveform similarity. during the interseismic period was proposed by Beeler et al. [2001] to explain the relationship between recurrence time and seismic moment for small repeating earthquakes at Parkfield [Nadeau and Johnson, 1998 ]. The slip amount for the 2001 M4.8 event (25 -41 cm) also suggests the occurrence of aseismic slip during the interseismic period because the slip amount is smaller than the expected slip deficit (57 cm) estimated from plate convergence rate (8.5 cm/year) and time period (6.7 years) after the 1995 event. Okada et al.'s [2003] slip distribution also show that the slip amount (16 -26 cm at the maximum) is smaller than the slip deficit. The cumulative seismic slip for cluster C (6.9-11 cm) for the period between 1995 and 2001 event also suggests the existence of the aseismic slip during the interseismic period.
Conclusions
[26] We have estimated source properties for small earthquakes that show prominent activity in the latter half of the recurrence intervals of the M4.9 ± 0.1 'characteristic earthquake' sequence off Kamaishi, NE Japan. We found the earthquakes are located very close to the source area of the 2001 M4.8 event (within 1 km from centroid of the 2001 M4.8 event and near the edge or inside the slip area), and most of the events within the clusters were co-located, forming their own 'characteristic earthquake' sets. We also found the smaller events tend to have small stress drops (2.6 -10.8 MPa) compared to the M4.8 event (39 MPa).
[27] The present observation suggests the small earthquakes occur on relatively weak patches in and around the source area for the M$4.9 event. The systematic increase in the rate of their activity during the seismic cycle probably reflects the temporal variation in stress or frictional properties in and around the M$4.9 events.
[28] There are earthquakes within the slip area of the M4.8 event and the seismic slip of the M4.8 event was less than the slip expected from the plate convergence rate. These results imply the source region of the small repeating earthquake undergoes aseismic slip in their interseismic period.
